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Introduction
Three kinds of charge motion are involved in "outer-sphere" electron transfer. These are (1) tunnelling of electrons between donor and acceptor species, (2) thermal agitation of polar solvent molecules, and (3) Brownian motion of co-ions and counterions. The standard theory of outer sphere electron transfer stems from two landmark papers of Marcus published in 1956 [1, 2] and from a series of follow-up papers [3] [4] [5] [6] .
However, despite its wide acceptance, the Marcus theory is based on some surprisingly narrow assumptions. For example, it neglects the presence of co-ions and counter-ions in solution, in order that the solvent may be treated as a pure dielectric medium. It also assumes that thermal agitation of the solvent molecules is the sole cause of the fluctuations that trigger electron transfer. In the present work we explore an alternative theory of outer-sphere electron transfer, based on slightly wider assumptions. In particular, the motions of co-ions and counter-ions are taken into account, and fluctuations in these motions are allowed to contribute to the electron transfer process, in addition to the conventional solvent fluctuations.
In this initial report, we focus on a one-electron exchange reaction, because no bonds are formed and no bonds are broken. Our method of approach is to construct, and then analyse, an equivalent circuit of the electron transfer process. This greatly simplifies the analysis compared with conventional non-equilibrium polarization theory [1] [2] [3] [4] [5] [6] .
Results

The Equivalent Circuit of Electron Transfer
Our proposed equivalent circuit of outer-sphere electron transfer to a single electroactive species is shown in Fig 1. We assume that the electroactive species consists of an ion plus its associated solvation shell and counter-ions. Beyond that is the homogeneous bulk solution. Thus, each electroactive species is regarded as an uncharged "supermolecule" which is neutral in the time-averaged sense, even though it continually experiences positive and negative charge fluctuations due to the random thermal motions of many other species in its vicinity.
The capacitor C 1 represents the electronic polarization of the system, and is assumed to respond almost instantaneously to any nearby movement of charge. The capacitor C 2 represents the solvent polarization of the system, and responds more slowly, depending on the values of C 1 , C 2 , and R 2 . The resistor R 3 represents the resistance to ionic transport of co-ions and counter-ions within the system. Note that both resistors R 2 and R 3 are sources of thermal noise, so they are depicted as noise current sources in parallel with noise-free resistors (i.e. they are depicted in the form of their Norton equivalent circuits). Both noise currents are assumed to be of the classical (JohnsonNyquist) type [7, 8] . It has been known for a long time that the transport and polarization phenomena modelled by Fig. 1 occur on widely different time scales [9] . For example, in aqueous solutions at 25 ºC, electron response times are typically on the Heisenberg time scale of 10-1000 as. Solvent molecule response times (dielectric response times) are typically on the molecular rotation timescale of 10-1000 fs, and ion response times are typically on the molecular migration timescale of 10-1000 ps. These phenomena are, therefore, justifiably placed on different branches of the equivalent circuit.
Crosschecks can be made on the validity of the equivalent circuit shown in Fig. 1 by examining its behaviour in extreme limits. For example, in the complete absence of supporting electrolyte, R 3 becomes infinite and the circuit behaves as a pure Debye circuit, as we would expect from dielectric relaxation theory [10] . Similarly, at low frequencies, R 2 becomes effectively zero and the circuit behaves as a parallel RC circuit, as we would expect from standard electrochemical theory [11, 12] .
In the case of two electroactive species involved in an exchange of an electron (a donor D and an acceptor A, say) the pair of supermolecules forms an "activated complex" separated by a small quantity of bulk solution. Given this situation, the question arises of how the component supermolecules interact electrostatically.
Throughout the present work we assume that the activated complex obeys the electroneutrality principle, so that a positive charge fluctuation on one supermolecule is exactly balanced by a negative charge fluctuation on the other. That is, we assume the charge fluctuations are coupled.
It is well known that electron tunnelling is subject to a number of fundamental constraints. One is the Conservation of Energy [13] ; another is the Franck-Condon Principle [14] . Here, we wish to emphasize a third constraint, namely the Principle of Microscopic Reversibility. This dictates that, the transition state for the forward reaction must be identical to the transition state for the backward reaction [15] . As a result, there is no possibility that bulk solvent molecules might have a preferred To begin the mathematical analysis, we first consider one supermolecule in isolation.
As far as its electrical properties are concerned, we assume that it behaves like a metallic hard sphere, so that its capacitance C= a ε(ω) πε 4 0 . Here 0 ε is the permittivity of free space, ε(ω) is the relative permittivity (dielectric constant) of the solution as a function of frequency ω , and a is the radius of the supermolecule. We seek the work required to build up a charge Q 1 solely on the capacitor C 1 . Given the layout of the equivalent circuit, and to facilitate comparison with Marcus theory, we split the derivation into two parts, corresponding to the two sources of noise. First, we note that the work required to ionize a charge Q 1 and place it on both C 1 and C 2 by a (1) W 3 may therefore be termed the "work of ionization" of the charge fluctuation. Next, we note that the work required to localize the charge Q 1 solely on C 1 by a (typically
W 2 may therefore be termed the "work of localization" of the charge. As a crude conceptualisation, W 2 may also be regarded as the work required to "melt" (depolarize) the solvent molecules otherwise "frozen" (polarized) by the electric field emanating from the charge fluctuation Q 1 . (A similar concept underlies the LandauPekar theory of localization of large polarons in dielectric media [16, 17] .) Finally, we combine the results of Eqs (1) and (2) This rearranges to the form
The similarity with Eq. (4) is now obvious, and adding the equations together yields
This equation describes the one-dimensional potential energy profile of a coupled donor-acceptor pair in an outer-sphere electron transfer reaction at finite (but large) separation d, along the reaction co-ordinate Q 1 , at fixed radii of the donor and acceptor transition states. It is the central result of the present work.
The Reorganization Energy of Electron Transfer
Of special interest is the point on the one-dimensional potential energy profile where Q 1 equals -e, the charge on the electron, because at that point W T equals λ, the so- 
The two expressions are similar, but diverge markedly when )
, that is, in solutions for which the static dielectric constant is low. In the Marcus theory, the
, implying that the electron transfer process becomes activationless in solutions of low static dielectric constant. By contrast, in the present theory, the reorganization energy λ is independent of ) 0 ε( . There is also a minor difference of interpretation of the radii appearing in Eqs. (8) In the case of a single electron transfer reaction one finds that the intersection point (x 1 , y 1 ) occurs at the location
where 0 G Δ is the standard free energy of the reaction. The symmetry factor β is just
Thus, even though the static dielectric constant of the solution does not affect the reorganization energy λ , it may still affect the activation energy for electron transfer via its influence on 0 G Δ .
We have postulated, and solved, an equivalent circuit model for an outer-sphere electron transfer reaction between two species in an electrolyte solution. The model is equally valid in the liquid state or the solid state. Based on the model, we have derived a formula for the one-dimensional potential energy profile of the coupled donor-acceptor pair at finite (but large) d, along a charge-fluctuation reaction coordinate, at fixed radii of the transition states. The corresponding reorganization energy of the reaction has also been derived, and it is found to differ from that in the Marcus theory. In particular, the new model predicts that the reorganization energy is independent of the static dielectric constant of the solution, whereas the old model predicts a strong dependence. This difference is amenable to experimental testing if ion pairing can be avoided. In our opinion, the difference arises because Marcus theory erroneously neglects the "work of ionization" of the charge fluctuations that trigger the electron transfer process. As a result, Marcus theory predicts that the reorganization energy for electron transfer is actually less than the work to charge the capacitor C 1 , which seems improbable. Overall, the picture that emerges from the present work is that the activation of electron transfer is an ionization-localization process, not merely a localization process as previously thought. λ the reorganization energy *****************************<end>**********************************
